Two-dimensional (2D) hybrid perovskites have attracted considerable attention due to their enormous structural and electronical variability, making this class of semiconductors interesting for photovoltaics, light-emitting diodes and lasers. 2D perovskites consist of sheets of bulky organic cations alternately sandwiched by layers of lead halide octahedra. The properties of these materials strongly depend on the thickness of the octahedra layers, defined by the number of octahedra sheets in a layer, n. Consequently, controlling the layer thickness purity (i.e. minimizing the spread in n) is important for any 2D perovskite thin film application. Here, we show that using rationally chosen solvent additives in the precursor solution offers a facile way to control the crystal disorder in 2D perovskites films. Our method leads to significantly reduced variation in n around the target value relative to films obtained by conventional fast-crystallization methods without solvent additives. The improved phase purity in optimized n = 2 and n = 3 films is verified by X-ray diffraction, UV-Vis absorption, and photoluminescence measurements. Additionally, we find that 2D perovskite films with n  2 arising from additive-assisted growth exhibit an unusual crystal orientation with the perovskite interlayers predominantly aligned parallel to the substrate, which we assign to the slow crystallization process induced by the lead-complexing solvent additives. Improved control over the phase purity translates into a better control of the optoelectronic properties of 2D perovskite films. Furthermore, the unusual horizontal crystal orientation of n = 2 and n = 3 films makes this family of tunable organic-inorganic perovskites promising for applications where lateral charge transport is desired, thus enlarging the potential for thin film-based applications of the 2D perovskites.
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Improved phase purity in 2D hybrid perovskite thin films with horizontal crystal orientation was achieved through slow crystallization employing lead-complexing solvent additives.
Introduction
Two-dimensional (2D) hybrid perovskites, also often referred to as Ruddlesden-Popper perovskites, 1, 2 have recently attracted considerable interest for various potential semiconductor applications, such as solar cells, light-emitting diodes (LEDs) or lasers. [3] [4] [5] [6] [7] [8] [9] This class of organicinorganic lead halide perovskite materials consists of alternating sheets of vertex-sharing lead halide octahedra, which can accommodate small organic cations such as methylammonium (MA), and interlayers of bulky ammonium-terminated organic cations. The long-chained organic cations (LOCs) usually feature alkyl chains or phenyl-groups, which can form bilayers via van-der-Waals or π-π interactions, thus giving the 2D perovskite its periodic, layered crystal structure. [10] [11] [12] In the field of photovoltaics, the replacement of 3D hybrid perovskites by their 2D analogues as photoabsorbers has led to substantially enhanced moisture stability of the resulting perovskite solar cells, a feature that has been attributed to the hydrophobic side chains of the incorporated LOCs. 5, [13] [14] [15] [16] [17] [18] Although improving the moisture resistance of perovskite solar cells is important, the potential of 2D perovskites lies in their enormous structural tunability, which gives access to a large playground for tailoring their optoelectronic properties according to the application field. [3] [4] [5] [6] 19 In particular, n, which is the number of octahedra sheets sandwiched between two organic interlayers, strongly determines the major features of the resulting 2D perovskite, such as bandgap, exciton binding energy or photoluminescence. 13, 14, [19] [20] [21] [22] [23] A homologous series of Ruddlesden-Popper perovskite phases with the generic formula (LOC)2(MA)n-1PbnI3n+1 where n = 1, 2, 3, 4 and 5 has been successfully synthesized by Kanatzidis and co-workers, using butylammonium as the organic spacer. 14, 24 The fabrication of 2D perovskite single crystals with defined octahedra layer thickness n was achieved by adjusting the ratio between the lead source, methylammonium iodide (MAI) and butylamine in the precursor solutions. The authors have shown that the bandgap of the 2D perovskites can be tuned from 2.4 eV to 1.7 eV by increasing the octahedra layer thickness from n = 1 to n = 5 respectively.
To obtain thin films of 2D perovskites with the desired n-value, conventionally the corresponding perovskite single crystals or a stoichiometric mixture of the precursor components is dissolved in N,N-dimethylformamide (DMF), followed by a spin-coating and annealing process. 1, 2, 13, 14, 25 However, it has been largely overlooked that stoichiometry is not everything when it comes to the formation of 2D perovskite thin films on substrates. Thin films resulting from spin-coating of a stoichiometric 2D perovskite precursor solution are not necessarily composed of the targeted nphase if careful control of the crystallization process is neglected. This is because the crystallization dynamics for thin film growth are significantly different from single crystal growth, not least because the nature of the substrate may influence the film nucleation and crystallization.
Yet, controlling the phase purity regarding the octahedra layer thickness n is imperative to obtain the desired optoelectronic properties of the 2D perovskite thin film.
In this work, we establish a simple fabrication method to obtain n = 2 and n = 3 perovskite films with minimized variation in n from the target value. By using appropriate lead-complexing additives in the solvent and careful control of the annealing procedure, a narrow distribution of n can be achieved in the resulting 2D perovskite film. By contrast, we demonstrate that nominally n = 2 and n = 3 perovskite thin films spin-coated from DMF-solutions consist of a broad mixture of domains with different n-values when crystallized from traditional, fast-crystallization procedures.
This often overlooked disorder is verified by temperature-dependent photoluminescence (PL) measurements, which reveals the presence of n > 3 domains in a nominally n = 3 perovskite film.
We point out that rapid charge transfer from low-n (2D-like) to high-n (3D-like) domains in nonoptimized thin films at room temperature can be an explanation for the largely ignored discrepancy between the PL signal of n  3 perovskite films and the corresponding perovskite single crystals.
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements confirm a gradient in n within nominally n = 3 perovskite films, with decreasing n-value from top to bottom. In addition to improved phase purity in the optimized 2D perovskite films reflected by a minimized variation in n, our controlled crystallization procedure results in n = 2 and n = 3 films with perovskite and organic interlayers that are oriented exclusively parallel to the substrate. This unusual crystal orientation not only allows us to unambiguously identify the perovskite thin films' n-value using X-ray diffraction measurements, but also makes the family of 2D perovskites interesting for device applications where lateral charge transport is required, such as back-contact solar cells or fieldeffect transistors.
Results and Discussion
Structural characterization Figure 1 . Schematic crystal structures of the homologous series of (PentA)2(MA)n-1PbnI3n+1
perovskites with the n = 1 compound (PentA)2PbI4, intermediate MA−PentA mixed-cation 2D perovskites incorporating the PbI6 octahedra layers with thickness n = 2 and n = 3, and MAPbI3 as the n = ∞ case.
We investigated the homologous (PentA)2(MA)n-1PbnI3n+1 series as a model system for 2D perovskites using pentylammonium (PentA) as the bulky organic cation. Figure 1 shows a schematic illustration of the layered perovskite structure composed of the following building blocks: bulky PentA cations, small MA cations and corner-sharing [PbI6] 4-octahedra, where n is the number of octahedra layers sandwiched between two PentA layers. For the case of n =  (which occurs in the absence of PentA), the resulting crystal structure corresponds to the 3D perovskite methylammonium lead iodide (MAPbI3). First, to fabricate thin films of the 2D perovskites, pentylammonium iodide (PentAI), methylammonium iodide (MAI) and PbI2 were mixed in the corresponding stoichiometry targeting a certain n-value and dissolved in DMF. Subsequently, the perovskite precursor solution was spin-coated on glass substrates in a one-step process following similar procedures as reported in literature. 13, 20, 24 The MAPbI3 film was fabricated via an antisolvent drip method according to a previously established protocol. 26 To characterize the crystal structure and the preferential orientation of the perovskite thin films, X-ray diffraction (XRD) measurements were performed. Figure 2a shows the XRD patterns of non-optimized n = 1, 2, 3
PentAMAPI films spin-coated from DMF-solutions and a MAPbI3 film. oriented regions are present in the n = 2 perovskite film, which agrees with previous reports. 2, 14 In contrast, the non-optimized, nominally n = 3 film exclusively shows the (111) and the (202) reflection, which corresponds to the typical vertical orientation for high-n members of the 2D perovskite phase. This vertical orientation of the interlayers has been reported for different 2D
perovskite systems with a precursor stoichiometry of n > 2. 1, 13, 17, 24, 30 The resulting XRD patterns resemble the one of the 3D analogue MAPbI3, due to the same interplanar distance of ~6.3 Å which corresponds to the size of a PbI6 octahedron. However, the strong preferential crystal orientation where the perovskite interlayers are aligned perpendicular to the substrate does not allow an unambiguous determination of the n-value from the XRD pattern recorded in the conventional Bragg-Brentano mode, since information about the periodicity in the lateral direction (in-plane) is not revealed.
To complement our XRD results, which only provide us with out-of-plane reflections of these highly textured perovskite films, we used grazing-incidence wide-angle X-ray scattering (GIWAXS) techniques to examine all possible crystal orientations within the thin films. The GIWAXS pattern of the non-optimized n = 3 film shows the (111) reflection at an azimuthal angle of χ = 0°, verifying the exclusive vertical alignment of the perovskite interlayers with respect to the substrate ( Figure S1a ). Assuming that the n = 3 periodicity of the 2D perovskite is present in the lateral direction, the corresponding diffraction peaks around the azimuthal angle χ = +/-90° at low qxy-values are expected to be present. However, the absence of this feature suggests crystal disorder in the lateral direction of the non-optimized, nominally n = 3 film. Similar GIWAXS patterns have been shown for nominal n = 3, 4 or 5 films, which were identified as a mixture of multiple 2D perovskite phases with different n-values. 24, 31, 32 Due to the close relationship between the n-value and the properties of the corresponding 2D
perovskite, controlling its phase purity in thin films is vital for optoelectronic applications using this class of material. We demonstrate that the n-value phase purity can be significantly improved for n = 2, 3 PentAMAPI films by carefully controlling the crystallization process of the 2D perovskite film. This can be achieved by suitable solvent additives such as dimethyl sulfoxide (DMSO) or tetrahydrothiophene-1-oxide (THTO) in the precursor solution (see Figure 2b ), combined with a slow annealing process during the perovskite film formation. Figure 2c shows the XRD patterns of the n = 2 and n = 3 PentAMAPI films prepared according to our optimized protocol using THTO and/or DMSO as solvent additives. Details about the optimized procedures are described in the methods section and summarized in the Supplementary Information (Table   S1 ). We optimized the fabrication protocol with respect to spin-coater speed, additive concentration and annealing temperature to obtain 2D perovskite films showing a narrow distribution of n-values, close to the one targeted by the precursor stoichiometry. XRD was employed to monitor the optimization process for n = 2 and n = 3 PentAMAPI (see Supplementary Information, Figure S2 and Figure S3 ) on glass substrates.
Compared to the non-optimized n = 2 and n = 3 films, the optimized 2D perovskite films exhibit strong (0k0) peaks for both samples. The presence of THTO in the n = 2 precursor solution leads to a significant increase in overall diffraction peak intensities ( Figure S2a ), verifying higher crystallinity of the n = 2 film grown with the additive-assisted approach. In particular, the diffraction peaks at 3.3°, 6.6°, 9.9° and 13.2° for the optimized n = 3 film show that, in addition to the high crystallinity, the perovskite interlayers exhibit an unusual orientation which is parallel to the substrate (Figure 2c ). The "horizontal" orientation of the perovskite layers for n = 3 is verified by the corresponding GIWAXS pattern ( Figure S1b ), where the (0k0) signals do not form diffraction rings, but are exclusively found at an azimuthal angle χ = 0°. In contrast to the vertically oriented, non-optimized (nominally) n = 3 perovskite film, this allows us to unambiguously confirm the octahedra layer thickness to be n = 3 from the 2 position of the (020) reflection in the XRD pattern. The absence of the (111) and (202) reflections in the XRD pattern indicates that vertical growth is largely suppressed in both optimized n = 2 and n = 3 films. To the best of our knowledge, this is the first demonstration of predominantly horizontally oriented 2D perovskite thin films with n > 1. The recipe for the n = 1 samples and our optimized protocols for n = 2 and n = 3 films were tested on different substrates, including fluorine-doped tin oxide (FTO), FTO/ TiO2, indium-doped tin oxide (ITO), and silicon. The XRD patterns shown in Figure S4 demonstrate that the 2D perovskite phase purity and crystal orientation is comparable for all tested substrates.
We note that a slow annealing procedure at a lower starting temperature is vital to obtain 2D perovskite films that satisfy phase purity. The best results were achieved by following a three-step drying sequence, with a stepwise increase of the annealing temperature from 40 °C to 75 °C to 100
°C (see Supplementary Information, Table S1 ). Without this stepwise annealing less uniformity was achieved: if n = 3 films, including DMSO as a precursor additive, were prepared by directly heating at 100 ºC after spin-coating, the XRD pattern of the resulting film showed diffraction peaks from a mixture of horizontally oriented n = 1, 2 and 3 phases, indicating poor phase purity ( Figure   S3c ).
Film morphology
Scanning electron microscopy (SEM) top view images for the n = 1 and 2 samples can be found in Figure S5 . Anisotropic growth of pure 2D perovskite crystals is visible in the formation of platelike single-crystals for low n-values, as previously reported. 24 This is also reflected in the morphology of the crystallites within the n = 1 film, which consists of elongated crystals with a preferential growth direction (likely along the plane of the organic layer). For the n = 2 and n = 3 films, the increasing number of MA promotes a more isotropic growth, which results in more spherically shaped crystallites.
SEM top view images of the non-optimized and optimized n = 3 film reveal similar crystal morphologies with a grain size around 50 nm (Figure 3a-b) . Encouragingly, the optimized n = 3 film exhibits significantly fewer cracks on the sample surface and the corresponding atomic force However, the relatively small grain size of ~50 nm for the 2D perovskites may create some limitations. Larger crystal grains are in general more desirable due to fewer boundaries that can impede effective charge transport. To eliminate grain size as limiting factors for device performance, we are currently investigating attempts to increase the grain size (e.g. by solvent annealing) without disturbing the phase purity and crystallite orientation. 
Optical characterization
Since the optoelectronic properties of 2D perovskites strongly depend on n, our structural analysis employing XRD techniques was complemented by optical characterization to obtain further insights into the phase purity of 2D perovskite thin films. Figure 4a shows the normalized UV-Vis absorption profiles of non-optimized n = 1, 2 and 3 perovskite films spin-coated from DMF solutions and a MAPbI3 film for comparison. In agreement with previous reports, the absorption onsets of the 2D perovskites are substantially shifted to longer wavelengths with increasing n, which is apparent as a change of the film's color (see inset Figure 4a ). 2, 21 The n = 1 (yellow), 2 (red) and 3 (brown) films show distinct excitonic features at 488 nm, 563 nm and 605 nm, respectively. 14 The non-optimized n = 3 film also shows the signature of the n = 2 phase and vice versa, hinting at a mixture of phases in both samples. In addition, the non-optimized nominally n = 3 sample exhibits an absorption tail up to 740 nm, which can be interpreted as an indication for the presence of n > 3 crystal regions with a narrower bandgap than the nominal n = 3 phase, similar to the MAPbI3 film (n = ∞) with a bandgap of 1.6 eV and an absorption onset around 770 nm. By comparison, the optimized n = 3 film shows a less pronounced absorption tail ( Figure 4c ) and a reduced n = 2 absorption peak, giving evidence for a more narrow distribution in n. The estimated bandgaps for the optimized n = 1, 2 and 3 films are 2.3, 2.2 and 2.0 eV respectively, which is in agreement with the bandgap values reported for the corresponding 2D perovskite single crystals. Furthermore, we conducted photoluminescence (PL) measurements to evaluate the distribution of n within the 2D perovskite and potential charge transfer between these crystal domains. In Figure   4b , the room temperature steady-state PL spectra of a MAPbI3 film and the non-optimized n = 1, expected PL peak at 570 nm, accompanied by two additional peaks at 625 nm and 675 nm, which can be assigned to the n = 3 and n = 5 phase. 2, 24 Interestingly, the non-optimized n = 3 film exhibits only a minor peak at 625 nm, which coincides with the PL signature of n = 3 single crystals, 2 while the main PL feature consist of a broad peak with a maximum around 720 nm. This is consistent with all previous reports about n ≥ 3 perovskite films, independent of the nature of the bulky organic cation or the film fabrication method. 1, 13, 14, 20, 24 The discrepancy between the PL spectra of 2D perovskite singles crystals and the corresponding thin films fabricated from DMF solutions without solvent additives indicates a large variety of n within these perovskite films which are likely to result from rapid crystallization.
Moreover, photoemission in these non-optimized 2D perovskite films seems to be dominated by recombination events from layers where n >> 3. To understand the origin of the observed emission from the large-n domains, we performed temperature-dependent PL measurements on non-optimized n = 3 perovskite films ( Figure 5 ).
Interestingly, after cooling down the sample to 30 K, several distinct PL peaks emerge, which can be attributed to the presence of n = 3, 4, 5 regions, underlining the proposed presence of phase impurities in non-optimized films. As low temperatures, the activation energy for efficient charge transfer between domains with different n cannot be overcome thermally. The broad distribution of n-values within the non-optimized 2D perovskite film is therefore unambiguously reflected in the PL signal. As the temperature is gradually raised to 298 K, the distinct PL features of the lown regions diminish, while the emission from the bulk-like large-n areas around 720 nm steadily increases. Assuming that structural changes such as phase transformation between the different regions do not occur, our results suggest that the observed single PL peak of non-optimized n = 3 films can be rationalized by thermally activated transport and relaxation of charge carriers from crystal regions of wide bandgap (n ≤ 3) to regions where the bandgap approaches the bulk perovskite material (n >> 3). This is in accordance with recent reports by Liu et al., 32 confirming rapid exciton transport from low-n regions to large-n regions on the picosecond time scale at room temperature. The fast transport of photogenerated carriers leads to radiative recombination from solely the high-n regions and conceals the presence of low-n phases. The apparent single PL peak for various 2D perovskite films obtained from fast crystallization has been repeatedly misinterpreted as an evidence for phase purity, despite the obvious deviation from single crystal PL.
In comparison, the PL spectra of the optimized n = 2 and n = 3 films using THTO and/or DMSO as solvent additives show one predominant peak at 570 nm and 625 nm respectively (Figure 4d ).
These PL peaks match well with the PL profile of the corresponding n = 2 and n = 3 single crystals, as reported by Stoumpos et al. 2 In particular, the PL signal of the optimized n = 3 film exhibits only a small additional peak at 650 nm (n = 4) and a shoulder around 725 nm (n >> 3). Therefore, we conclude that the addition of DMSO or THTO and careful control of the annealing process result in 2D perovskite films with significantly less variation in n from the target value than films prepared without the solvent additives, which is in agreement with our XRD results.
Depth profile analysis
Despite the improved phase purity of the additive-assisted formation of n = 3 PentAMAPI perovskite thin films regarding n, our PL analysis indicates that some large-n regions remain within the optimized films. In order to assess the spatial distribution of the different n-regions, time-offlight secondary ion mass spectrometry (ToF-SIMS) measurements were performed. Since the nvalue is determined by the ratio between MA and PentA cations, a comparison of the depth profiles of the MA + and PentA + species allows us to estimate the vertical distribution of the large-n regions. 31, 32 We note that the MA + depth profile for the optimized sample varies less after the initial rise than for the non-optimized sample. As evidenced by XRD and PL experiments, we observe a significantly improved phase purity for optimized n = 3 films. We therefore propose that the main phase is n = 3, as desired, with a small fraction of n > 3 phases at the sample surface.
Proposed mechanism for perovskite film formation
Having identified several factors which affect the disparity in crystal disorder and orientation in 2D perovskite thin films, such as the precursor stoichiometry, the solvent and the annealing temperature, we need to understand how these factors relate to each other. Such knowledge may enable us to control the formation process of 2D perovskite films. Herein, we attempt to rationalize the large variation in n and the changes in crystal orientation, from horizontal to vertical, in 2D perovskite thin films, caused by changes in precursor stoichiometry without adjusting the solvent.
Moreover, we propose a simple film formation mechanism that offers a possible explanation for the role of the solvent additives and the annealing temperature in achieving an improved phase purity of 2D perovskite layers. in a spin-coated, non-annealed 2D perovskite film (e.g. n = 2) when lead ions are withheld by THTO as a solvent additive ( Figure S6 ). In the next step, a competition between MA and PentA cations occurs since these two species both possess a positively charged ammonium group to bind to the exposed A-site on top of the PbI6 octahedra. Despite the 1:1 ratio of MA and PentA, it is likely that MA outcompetes the PentA cations and successfully binds to the favorable A-site due to its smaller ionic radius and stronger dipole moment. The small MA cations can then be quickly "locked-in" by free PbIx clusters, which are abundant in the DMF precursor solution. At the same time, the facile evaporation of the DMF solvent induces fast vertical growth of perovskite layers, whereas the PentA cations are pushed to the edge of the growing perovskite "wall", stabilizing themselves via van-der-Waals forces between the alkyl chains and thus forming the organic bilayer. For n > 2, this rapid vertical growth seems to dominate, which could explain the broad distribution of octahedra layer thicknesses.
When DMSO or THTO is added to the precursor solution, the kinetics of the film growth change (ii) The slow, controlled horizontal growth at low initial annealing temperatures enables the stoichiometry between MA and PentA to define the final layer thickness of the perovskite sheet.
Our results show that this leads to 2D perovskite films which show substantially less variation in n from the target value than films grown from a fast crystallization process through immediate annealing at high temperatures.
However, we note that our current choice of solvent additives and perovskite precursors does not result in phase pure and horizontally oriented n = 4 films. We observe that the vertical alignment of the perovskite interlayers remains dominating in spite of an increase in DMSO additive volume, while the addition of THTO leads to the formation of a mixture of low-n phases ( Figure S7 ). We suspect that the large amount of MA compared to PentA in the n = 4 stoichiometry allows MA to outcompete PentA for the A-binding site even in the presence of Pb-complexing additives.
Therefore, we are currently exploring different cation mixtures to control the binding of the small A-cation and the bulky organic cation in order to stabilize 2D perovskite phases with n > 3.
Implication for potential device applications
Minimizing the variation in n within 2D perovskite films is not only important from a theoretical However, there are many potential applications of 2D perovskites where lateral charge transport would be beneficial, for example in a back-contact solar cell or a field-effect transistor architecture. [37] [38] [39] [40] In this case, conducting perovskite layers which are oriented parallel to the substrate might also have a potential advantage of inhibiting the migration of ionic defects to or from the gate electrode, which might reduce screening of the gate voltage by ionic rather than electronic charge. By establishing a facile additive-assisted fabrication method to control the orientation of the perovskite layers, our work considerably enlarges the potential thin film-based application fields for 2D perovskites.
Conclusions
In conclusion, we point out that 2D Ruddlesden-Popper perovskite films obtained from traditional fast-crystallization using DMF-based stoichiometric precursor solutions with n  2 are generally not phase-pure materials, but a mixture of domains with different n. The vertical orientation of the perovskite interlayers with respect to the substrate for nominally n > 2 films makes it difficult to assess real distribution in n with X-ray diffraction methods. Therefore, optical characterization techniques which unambiguously reveal the fingerprints of perovskite phases with different n are indispensable to complement the structural analysis and to identify the phase purity of 2D perovskite thin films. In this work, we established a simple fabrication method using rationally chosen lead-complexing solvent additives for 2D perovskite films to substantially reduce the variation in the thickness n of the lead halide octahedra interlayers from the target value.
Furthermore, we demonstrate that for the specific n = 3 case, our optimized films show similar PL features as reported for n = 3 perovskite single crystals. By contrast, the PL signal of films resulting from fast-crystallization without solvent additives is largely dominated by photoemission from perovskite interlayers with n >> 3, indicating rapid charge transfer from low-n domains to large-n domains. We proposed a simple crystallization mechanism as an empirical explanation for the poor phase purity in films obtained from fast-crystallization, and for the reduction in crystal disorder through slow additive-assisted growth. The improved control over the phase purity by retarding the crystal growth is crucial for controlling the fundamental optoelectronic properties of 2D perovskite thin films. In addition, our solvent engineering approach leads to an unusual, predominantly horizontal crystal orientation in the n = 2 and n = 3 perovskite films. This opens the doorway for a wide range of potential applications of 2D perovskites that require lateral charge transport. Thin Film Fabrication. For n = 1, 2 and non-optimized n = 3 films, 50 μL of the respective precursor solution was dynamically spin-coated on a plasma-cleaned glass substrate (2.5 × 2.5 cm)
Methods

Synthesis of
at 3000 rpm for 40 s. The optimized n = 3 films were spin-coated at 4000 rpm. Afterwards, the substrate was annealed on a hotplate to evaporate residual solvents and to further promote crystallization. The n = 1 and the non-optimized n = 2 and 3 films were annealed at 100 °C for 5 min. The optimized n = 2, 3 films were annealed first at 40 °C for 30 min, then at 75 °C for 5 min and finally at 100 °C for 2 min. MAPbI3 was spin-coated in a two-step program at 1000 rpm and added as an anti-solvent to the spinning film at 15 s before the end. The MAPbI3 sample was annealed at 40 °C for 40 min and finally at 100 °C for 10 min.
Characterization. XRD measurements were carried out with a Bruker D8 Discover X-ray diffractometer operating at 40 kV and 30 mA, employing Ni-filtered Cu K1 radiation × 300 µm² raster size. Inside this sputter region an area of about 100 × 100 µm² was analyzed using Bi3 + ions with 30 keV ion energy.
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